Chitinase-A (CrChi-A) was purified from leaf rachises of Cycas revoluta by several steps of column chromatography. It was found to be a glycoprotein with a molecular mass of 40 kDa and an isoelectric point of 5.6. CrChi-A produced mainly (GlcNAc) 3 from the substrate (GlcNAc) 6 through a retaining mechanism. More interestingly, CrChi-A exhibited transglycosylation activity, which has not been observed in plant chitinases investigated so far. A cDNA encoding CrChi-A was cloned by rapid amplification of cDNA ends and polymerase chain reaction procedures. It consisted of 1399 nucleotides and encoded an open reading frame of 387-amino-acid residues. Sequence analysis indicated that CrChi-A belongs to the group of plant class V chitinases. From peptide mapping and mass spectrometry of the native and recombinant enzyme, we found that an N-terminal signal peptide and a C-terminal extension were removed from the precursor (M1-A387) to produce a mature N-glycosylated protein (Q24-G370). This is the first report on a plant chitinase with transglycosylation activity and posttranslational modification of a plant class V chitinase.
Introduction
Chitinases (EC 3.2.1.14) catalyze the hydrolysis of chitin, a β-1,4-linked homopolymer or oligomer of N-acetylglucosamine (GlcNAc), and are distributed widely in living organisms. In general, plants do not contain chitin, but produce various types of chitinases (Graham and Sticklen 1994) . Based on their amino acid sequences, plant chitinases are divided into five classes (Shinshi et al. 1990; Collinge et al. 1993; Melchers et al. 1994) : class I chitinases, consisting of an N-terminal chitin-binding domain and a catalytic domain; class II chitinases, which have only a catalytic domain homologous to that of class I chitinases; class IV chitinases, which share homology with class I chitinases but are smaller due to four deletion sequences; and class III and V chitinases, which share no homology with class I, II, or IV chitinases. According to the CAZy database (http://afmb.cnrsmrs.fr/CAZY/), enzymes of classes I, II, and IV are included in glycoside hydrolase (GH) family 19 (GH-19), whereas class III and V are included in GH family 18 (GH-18). Family GH-18 and family GH-19 chitinases differ not only in sequence, but also in hydrolytic mechanisms because they operate by retention and inversion, respectively, of the anomeric configuration (Iseli et al. 1996) . There are many reports of class III chitinases in family GH-18, but reports of class V chitinases are very limited. In particular, there is only one report on the enzymatic and biochemical characterization of class V chitinases (Melchers et al. 1994) . Plant class V chitinases share the consensus sequence DXDXE found in class III chitinases, but otherwise show very low homology to class III chitinases. The enzymes are homologous to those from bacteria, fungi, nematodes, and mammals.
Plants do not contain chitin, and therefore, it has been assumed that plant chitinases defend the plant from fungal pathogens by attacking chitin, which is a common constituent of fungi cell walls. In addition to their apparent role in plant defense, recent studies have suggested roles of plant chitinases in interactions with symbiotic microorganisms and developmental processes (Kasprzewska 2003) . The structures and functions of plant chitinases appear to have diversified during the course of plant evolution, giving rise to various types of plant chitinases. It is expected that plants in different evolutionary lineages would have chitinases that differ in structure and function. Living seed plants form five groups: angiosperms, conifers, cycads, ginkgo, and gnetophytes. Besides angiosperms, the other four groups belong to gymnosperms. Structural and physiological research on chitinases in cycads, an evolutionarily distinct gymnosperm group, could lead to a better understanding of the fundamental aspects of chitinase functions in plants. However, to date, there have been no reports on chitinases from cycads.
Localization of proteins is closely related to their posttranslational modification, which has been investigated in several plant chitinases. Most plant chitinases have an N-terminal signal sequence for transportation to the endoplasmic reticulum. Several class I chitinases have a C-terminal extension, which targets the vacuole (Neuhaus et al. 1991) . Reports on the glycosylation of plant chitinases are very limited (Melchers et al. 1994; Taira, Toma, et al. 2005 , Taira, Ohdomari, et al. 2005 ). In the case of class I chitinases from tobacco (Sticher et al. 1993 ) and rye (Yamagami and Funatsu 1994) , their spacers were shown to be modified by hydroxylation of some prolines. It would now be useful to examine how chitinase proteins are processed during posttranslational modification in cycad. In the present study, we purified a chitinase from Cycas revoluta, a cycad, which is designated as C. revoluta chitinase-A (CrChi-A). The mode of action toward a chitin oligosaccharide substrate was examined using the purified CrChi-A. A bacterial expression system of recombinant CrChi-A was constructed, and the posttranslational modification was deduced by a comparison between the native and recombinant CrChi-A. We found that CrChi-A is a glycoprotein possessing transglycosylation activity and that the mature enzyme was formed through the trimming of the N-terminal signal peptide and C-terminal extension.
Results

Physico-chemical properties and mode of action of purified C. revoluta chitinase-A
CrChi-A was purified from leaf rachises of C. revoluta using gel-filtration, ion-exchange, and hydrophobic-interaction column chromatographies (supplementary Figure 1) . A sample of 100 g of C. revoluta leaf rachises yielded 1.0 mg of CrChi-A. Using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), the purified CrChi-A was found to be a 40 kDa glycoprotein ( Figure 1A ) with an isoelectric point of 5.6 ( Figure 1B) .
The cleavage patterns of the chitin oligomer produced by CrChi-A and the anomeric form of the products were determined by HPLC analysis (Figure 2 ). The newly created reducing end of the products was largely β [(GlcNAc) 2 and (GlcNAc) 3 , shown in Figure 2B ], indicating that CrChi-A is a retaining enzyme. The major hydrolysis product from (GlcNAc) 6 was (GlcNAc) 3 , and the minor products were (GlcNAc) 2 and (GlcNAc) 4 [(GlcNAc) 3 :(GlcNAc) 2 :(GlcNAc) 4 = 1:0.3:0.4, mol:mol:mol]. The ratios of α:β in the reaction products (GlcNAc) 3 , (GlcNAc) 2 , and (GlcNAc) 4 were 1:1.5, 1:9, and 1:0.8, respectively. These results indicate that CrChi-A mainly hydrolyzed the middle linkage of (GlcNAc) 6 and next hydrolyzed the second linkage from the nonreducing end of the substrate. The cleavage pattern produced by CrChi-A was clearly different from that produced by PLC-B, a member of the plant class III chitinases from the leaves of pokeweed (Phytolacca americana) ( Figure 2C ). In the case of PLC-B, the major hydrolysis products from (GlcNAc) 6 were (GlcNAc) 2 and (GlcNAc) 4 . The ratios of α:β in the reaction products (GlcNAc) 2 and (GlcNAc) 4 were 1:1 and 1:5, respectively. These results indicate that PLC-B mainly hydrolyzed the fourth linkage from the nonreducing end of (GlcNAc) 6 . Based on the time-dependent HPLC profiles with the (GlcNAc) 6 degradation catalyzed by CrChi-A (supplementary Figure 2) , the experimental time courses of the substrate degradation and the product formation were obtained as shown in Figure 3A . The substrate was hydrolyzed into oligosaccharides with lower degrees of polymerization, and the product distribution was (GlcNAc) 3 > (GlcNAc) 4 > (GlcNAc) 2 . Interestingly, (GlcNAc) 5 appeared without formation of GlcNAc ( Figure 3A) . MS analyses also showed oligosaccharide products of higher polymerization than the starting hexasaccharide [(GlcNAc) 7−9 ] ( Figure 3B ). These results reveal a transglycosylase activity of the CrChi-A chitinase.
Cloning and sequence analysis of CrChi-A cDNA
To obtain the N-terminal amino acid sequences, CrChi-A was applied to a protein sequencer. After Edman degradation, the N-terminus appeared to be blocked and no sequence information was obtained. However, internal amino acid sequences were obtained from tryptic peptide of CrChi-A. Employing a RACE (rapid amplification of the cDNA ends) method using a degenerate primer designed with an internal amino acid sequence (RYGFHGLDLDYEYPEPQ, underline indicates the sequence used for primer design), we cloned the cDNA encoding CrChi-A. The sequences of primers for cDNA cloning are presented in Table I . The strategy used for the cloning of CrChi-A cDNA is given in supplementary Figure 3A . cDNA fragments of about 1000 bp were amplified by the 3 -RACE reaction using the degenerate primer. cDNA fragments of about 600 bp were amplified by the 5 -RACE reaction using a genespecific primer based on the sequence of the cDNA fragment obtained from 3 -RACE. The resulting full-length CrChi-A cDNA consisted of 1399 nucleotides and encoded an open reading frame (ORF) of 387-amino-acid residues (supplementary Figure 3B ). Analysis using the computer program SignalP (http://www.cbs.dtu.dk/services/SignalP/) (Bendtsen et al. 2004) indicated that the presequence of 23 amino acids (Met1 to Ser23) is a putative signal peptide for transportation to the endoplasmic reticulum. The remaining 364 amino acids (Gln24 to Ala387) were considered to constitute the mature CrChi-A protein.
Structure-based sequence alignments among CrChi-A, plant class V chitinases, human chitotriosidase, and plant class III chitinases are shown in Figure 4 . CrChi-A had a relatively high sequence homology with class V chitinases from tobacco (39%) and Arabidopsis thaliana (41%), and had a moderate level of homology to human chitotriosidase (32%); however, CrChi-A showed very low sequence homology with members of the plant class III chitinases (<12%). In addition, CrChi-A has a putative extra α/β domain region, which is not found in class III chitinases. Thus, CrChi-A belongs to the group of plant class V chitinases.
Comparison between native and recombinant CrChi-A polypeptides
To further study the molecular mechanism underlying the catalytic activities of CrChi-A, we tried to construct a bacterial expression system of recombinant CrChi-A (Gln24 to Ala387) as described in the Material and methods. The expression system produced an insoluble aggregate ( Figure 5A , lane 3). The molecular size of the recombinant protein was slightly smaller than that of native CrChi-A. Peptide mass mapping using an in-gel digestion method with trypsin was performed to compare the polypeptides of native CrChi-A with those of the recombinant protein. Interestingly, a signal with m/z 2472.5 [M + H + ] was detected in the recombinant protein, but not in the native one (compare Figure 5B and C). The molecular mass agrees with the calculated mass of sequence position Ile363 to Arg384, which is located around the C-terminal end of the deduced amino acid sequence from CrChi-A cDNA ( Figure 5D ). These results suggest that there is some posttranslational modification around the C-terminal of native CrChi-A. We speculate that after translation of the CrChi-A gene, the precursor of CrChi-A is digested at a position from Ile363 to Arg384 and a peptide is removed from the precursor. Peptide mapping using RP-HPLC with lysyl endopeptidase and ODS column was performed to test this possibility (supplementary Figure 5) . A native CrChi-A-specific peptide (N-1) and two recombinant CrChi-A-specific peptides (R-1 and R-2) were obtained. Amino acid sequence and mass analyses indicated that N-1and R-2 were peptides derived
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C rC hi-A from Ile363-Gly370 and Val378-Ala387, respectively (Table II) . These results suggest that after translation of the CrChi-A gene, a CrChi-A precursor is digested between Gly370 and Thr371 and a peptide derived from Thr371-Ala387 is removed from the precursor (Figure 6 ). R-1 is the N-terminal peptide of recombinant CrChi-A, which retained Met as an N-terminal amino acid residue (Table II) .
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To determine the glycosylation site in CrChi-A, peptides digested by lysyl endopeptidase were separated by RP-HPLC on a C4 column (supplementary Figure 6) . N-Terminal amino acid sequence and mass analyses of isolated peptides suggested that peptide N-2 has some modifications. Although the N-terminal sequence of N-2 agrees with those from Leu188 to Glu192, its molecular mass differed from the calculated mass of sequence position Leu188 to Lys236 (Table II) , which contains a putative N-glycosylation site, NXT ( Figure 6A ). Moreover, glucosamine, fucose, and mannose were detected in the hydrolyzed products of N-2 with TFA (data not shown). These results suggest that CrChi-A is N-glycosylated at Asn222. 
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Preparation of mature-form recombinant CrChi-A and some of its properties
We constructed a bacterial expression system of mature-form recombinant CrChi-A (Gln24 to Gly370) as described in the Material and methods. The expressed protein was detected in both the soluble and insoluble fractions. Active chitinase was isolated from the soluble fraction. The amount of enzyme protein produced from the culture medium was 1.3 mg/L. The molecular size of the mature-form recombinant CrChi-A was approximately 38 kDa ( Figure 7A , lane 2). The specific activities of native and the recombinant CrChi-A were 1.08 × 10 10 and 1.28 × 10 10 units/mol enzyme, respectively, using glycolchitin as the substrate. The optimum pH and temperature for both native and recombinant CrChi-A were 4.0-5.0 and 50-60
• C, respectively ( Figure 7B ). The effects of pH and temperature for chitinase activity and pH stability were almost the same as native chitinase. The heat stability of the mature-form recombinant CrChi-A was lower than that of native CrChi-A. These results indicate that the glycosylation has no effect on chitinase activity but influences the heat stability of the protein.
Discussion
Although chitinases from angiosperms (flowering plants) have been intensively investigated (Collinge et al. 1993; Graham and Sticklen 1994) , studies on chitinases from gymnosperms are limited to family GH-19 chitinases in conifers, such as Norway spruce and pine trees (Wu et al. 1997; Wiweger et al. 2003) . At present (Aug 2009), 1944 nucleotide sequences of chitinases from seed plants are registered in the NCBI database (http://www.ncbi.nlm.nih.gov/), among which, 1684 sequences, 259 sequences, and 1 sequence are derived from flowering plants, conifers, and cycads (this study), respectively. In this study, we demonstrated the existence of family GH-18 chitinase, CrChi-A, in the leaf rachis of C. revoluta, a cycad.
CrChi-A catalyzes the hydrolysis of (GlcNAc) 6 mainly into (GlcNAc) 3 + (GlcNAc) 3 through a retaining mechanism. In contrast, a typical retaining enzyme from plants, class III chitinases, produced (GlcNAc) 2 + (GlcNAc) 4 from (GlcNAc) 6 (Figure 2) . Sasaki et al. (2002) showed that class III chitinases from Oryza sativa have a (−4)(−3)(−2)(−1)(+1)(+2)-type substrate-binding cleft. From the HPLC profile of the reaction products previously reported (Terwisscha van Scheltinga et al. 1995) , hevamine, a class III chitinase from Hevea brasiliensis, was estimated to have the same subsite structure. Class III chitinases from pineapple leaves and Gazymaru latex produced mainly (GlcNAc) 2 and (GlcNAc) 4 from (GlcNAc) 6 (Taira, Toma, et al. 2005 , Taira, Ohdomari, et al. 2005 . Most class III chitinases would produce mainly (GlcNAc) 2 and (GlcNAc) 4 from the (GlcNAc) 6 substrate, due to their (−4)(−3)(−2)(−1)(+1)(+2)-type subsite structure. However, the subsite structure of CrChi-A should differ from those of the class III chitinases, and might be a (−3)(−2)(−1)(+1)(+2)(+3)-type structure.
Interestingly, CrChi-A exhibits transglycosylation activity. This is an unusual phenomenon in plant chitinases. To our knowledge, there have been no previous reports of plant chitinase with transglycosylation activity. Certainly, in the case of high substrate concentrations, many retaining β-D-glycosyl hydrolases catalyze transglycosylation reactions. However, Sasaki et al. (2002) showed that transglycosylation products were not detected using rice family GH-18 chitinases with a 4.9 mM substrate concentration (a concentration of 4.6 mM was used in this study). In human chitotriosidase, homologous to CrChi-A, transglycosylation activity has been observed (Aguilera et al. 2003) . Among the bacterial and fungal family GH-18 chitinases, several enzymes have been reported to catalyze the transglycosylation reaction (Fukamizo et al. 2001; Sasaki et al. 2002; Aronson et al. 2006) . However, the physiological significance of such activity is still unknown. CrChi-A exhibited no antifungal activity (data not shown). This suggests that CrChi-A may only indirectly affect the invasion of pathogens, for example, by producing an elicitor, or it may have other functions. Nishizawa et al. (1999) showed that the transcription level of chitinase genes, related to defense, was enhanced in response to chitooligosaccharides that were larger than pentaose. Chitooligosaccharides smaller than hexaose showed no elicitor activity at concentrations of 0.1 μM. Fukamizo et al. (1992) T Taira et al.
showed that only N,N -diacetylchitobiose was obtained from the chitinase hydrolyzate of the fungal cell wall by CM-Sephadex C-25 column chromatography. From the fungal cell wall, chitinases may produce chitooligosaccharides with a low degree of polymerization, which may have low elicitor activity. If chitooligosaccharides with a high degree of polymerization are produced by transglycosylation activity of CrChi-A, the resulting molecules may exhibit stronger elicitor activity.
CrChi-A is clearly located in the clade of class V chitinases by phylogenetic analysis (supplementary Figure 4) . In the plant kingdom, class V chitinases and their related proteins show various functions. Salzer et al. (2000) reported that the putative class V chitinase gene was expressed in the roots of Medicago truncatula nodulated with rhizobia and that this was stimulated by a Nod factor, lipochitooligosaccharide, produced by rhizobia. A chitinase-related receptor-like kinase (CHRK1) was isolated from tobacco ; this had a putative extracellular domain closely related to the class V chitinase. CHRK1 mRNA accumulation was strongly stimulated by infection with fungal pathogens. However, the class V chitinase-like domain did not show any catalytic activity due to the lack of the essential glutamic acid residue required for chitinase activity. Van Damme et al. (2006) showed that a lectin identified in black locust (Robinia pseudoacacia) bark shares approximately 50% sequence identity with plant class V chitinases, but is essentially devoid of chitinase activity. Such diversity in these class V chitinase-related proteins is likely to have resulted in diverse physiological functions during the course of molecular evolution.
Posttranslational modifications have already been reported for plant class I chitinases. Neuhaus et al. (1991) demonstrated that a short C-terminal extension of about 6 amino acids present in a tobacco class I chitinase is necessary and sufficient for vacuolar localization. Hevamine also has a C-terminal extension consisting of 12-amino-acid residues (Bokma et al. 2001) . The finding that this chitinase is detected in the lutoid-body fraction (vacuole of latex) permits us to speculate that its function is a vacuolar targeting signal. In this study, it was suggested that a mature glycoprotein CrChi-A (Q24-G370) was formed by the removal of an N-terminal signal peptide and a C-terminal extension from the precursor (M1-A387) as well as N-glycosylation. The sequence of the C-terminal extension showed no homology to those of the vacuolar targeting signals from other plant chitinases. However, the sequence of the C-terminal extension was similar to a part of the vacuolar sorting signal from barley polyamine oxidase (BPAO2) (Cervelli et al. 2004) . In BPAO2, the minimum length of five residues "DELKA" in the extra Cterminal extension of eight residues (DELKAEAK) is required for proper sorting to the vacuole. The sequence "DELKA" of BPAO2 is similar to the sequence "EDIKV" (sequence position: 364 to 368) of CrChi-A. We are now trying to determine the subcellular localization of CrChi-A using cell fractionation and immunodetection. In this study, an N-terminal amino acid sequence of native CrChi-A was not detected. The predicted Nterminus glutamine residue of native CrChi-A may be modified to pyro-glutamate since the amino acid derivative does not react with the Edman reagent.
Taira et al. (Taira, Toma, et al. 2005 , Taira, Ohdomari, et al. 2005 showed that an acidic class I chitinase from pineapple leaf and an acidic class III chitinase from Gazyumaru latex were glycoproteins. Tobacco class V chitinase has potential Nlinked glycosylation sites and the native enzyme bound to Con-A Sepharose, affinity resin specifically binding to Man (Melchers et al. 1994) . Terashima et al. (1994) showed that elimination of the N-glycosylation site in rice α-amylase reduced the thermostability of the enzyme. The temperature dependence of the kinetic parameters and substrate recognition of the enzymes were also affected by elimination of the N-glycosylation site. In the case of CrChi-A, N-glycosylation only affected the thermostability of the enzyme but did not influence enzymatic activity ( Figure 7B) .
Further experiments on CrChi-A are now being conducted from the viewpoint of kinetics and crystallography to elucidate the structure-function relationship of the enzyme.
Material and methods
Materials
Leaf rachises of C. revoluta were collected on the campus of Ryukyu University. Powder chitin and N-acetyl-D-glucosamine (GlcNAc) oligomers were purchased from Seikagaku Co. (Tokyo, Japan). Escherichia coli BL21(DE3) cells and expression vector pET-22b were purchased from Novagen (Madison, WI). TPCK-treated trypsin and lysyl endopeptidase were purchased from Sigma-Aldrich Co. (St. Louis, USA) and Wako Pure Chemicals Ltd (Osaka, Japan), respectively. All other reagents were of analytical grade.
Protein measurement
Protein concentrations were measured by the bicinchoninic acid method (Smith et al. 1985) , using bovine serum albumin as the standard.
Assay of chitinase activity
Chitinase activity was assayed colorimetrically using glycolchitin. An aliquot of 10 μL of the sample solution was added to 250 μL of 0.2% (w/v) glycolchitin in the 0.1 M buffer. The buffers used were 0.1 M HCl (pH 1), glycine-HCl buffer (pH 2-3), sodium acetate buffer (pH 4-5), sodium phosphate buffer (pH 6-7), Tris-HCl buffer (pH 8-9), and glycine-NaOH buffer (pH 10-12). After incubation at 37
• C for 15 min, the reducing power of the reaction mixture was measured using a ferri-ferrocyanide reagent by the method described by Imoto and Yagishita (1971) . The chitinase activity of each chromatographic fraction was expressed by the absorbance of the reaction mixture at 420 nm ( A420). One unit of enzyme activity was defined as the amount of enzyme releasing 1 μmol of GlcNAc per min at 37
• C.
Purification of a chitinase from leaf rachises of C. revoluta
All procedures were performed in a cold room. Absorbance was measured at 280 nm to monitor the proteins, and chitinase activity was measured at pH 5 during chromatographic separation. Leaf rachises (200 g) of C. revoluta were homogenized with 1000 mL of deionized water and then left for 4 h at 4 • C. After centrifugation, the supernatant was collected as crude chitinase. The crude chitinase was mixed with an equal volume of 4 M ammonium sulfate solution, and the mixture was blended with 10 mL of butyl-Toyopearl 650 M (Tosoh, Japan) resin. After 4 h, the resin with adsorbed proteins was collected with a glass filter, and then packed into a column (1.6 × 5 cm). The adsorbed T Taira et al.
recognition sites, respectively). The amplified DNA fragment was digested with NdeI and BamHI and ligated onto an expression vector, pET 22b (Novagen), previously digested with the same enzymes. The resulting plasmid was designated as pETCrChi-A.
After determining the posttranslational modification of CrChi-A, the cDNA encoding a certain mature CrChi-A region (Gln24 to Gly370, an ORF without an N-terminal putative signal sequence and a C-terminal extension) was prepared using the forward primer P5 and reverse primer P7 as well as the cDNA encoding the putative mature CrChi-A region (Gln24 to Ala387). The resulting plasmid was designated as pET-mature CrChi-A.
Expression of recombinant CrChi-A in E. coli
The pET-CrChi-A was introduced into E. coli BL21(DE3) and cells harboring the plasmid were grown to A 600 = 0.6 before induction with 1 mM IPTG. After induction, growth was continued for 3 h at 37
• C. The cells were harvested by centrifugation, suspended in the 20 mM Tris-HCl buffer (pH 7.5), and disrupted with a sonicator. Soluble and insoluble fractions were separated by centrifugation (10,000 × g, 10 min). By checking with SDS-PAGE, almost all of the recombinant protein was found in the insoluble fraction. The gel containing recombinant protein was used for in-gel digestion.
The pET-mature CrChi-A was introduced into E. coli BL21(DE3). E. coli cells harboring the plasmid were grown to A 600 = 0.6 before induction with 1 mM IPTG. After induction, growth was continued for 24 h at 15
• C. The cells were harvested by centrifugation, suspended in the 20 mM Tris-HCl buffer (pH 7.5), and disrupted with a sonicator. After cell debris was removed by centrifugation (10,000 × g, 10 min), the supernatant was diluted with the 20 mM sodium acetate buffer, pH 5.0. The solution was applied to a SP-Sepharose FF column (1.6 × 5 cm) equilibrated with the same buffer. The column was washed, and adsorbed proteins were eluted with a 0.5 M NaCl in the same buffer. Active fractions were corrected and dialyzed with the same buffer. The dialysate was applied to a SP-Sepharose HP column (0.5 × 5 cm) equilibrated with the same buffer. The column was washed, and adsorbed proteins were eluted with a linear gradient of NaCl from 0 to 0.2 M in the same buffer. The active fraction was corrected and mixed with an equal volume of 2 M ammonium sulfate solution. The mixture was applied to a Phenyl Superose column (0.5 × 5 cm) equilibrated with the 20 mM sodium acetate buffer, pH 5.0, containing 1 M ammonium sulfate. The column was washed with the buffer containing 1 M ammonium sulfate, and the adsorbed proteins were then eluted with a linear gradient of ammonium sulfate from 1.0 to 0 M in the buffer. After confirmation of the purity of the corresponding fraction by SDS-PAGE, the fraction was collected as purified mature-form recombinant protein.
In-gel digestion
Approximately 10 μg of protein was separated by SDS-PAGE and then the gel was stained with CBB. The protein band was cut out of the gel and sliced into 1 mm pieces. The pieces were washed with water, and then dehydrated with acetonitrile, before being dried in a speed vac. Dried gel pieces were rehydrated with 10 μL of protease solution, trypsin, or lysyl endopeptidase (100 ng in 100 mM ammonium bicarbonate), and then covered with ammonium bicarbonate. Digestion was carried out overnight at 37
• C. After reaction, the supernatant was removed. And then, to extract the remaining peptides in gels, the same volume of acetonitrile/water/formic acid (50:45:5, v/v/v) was added to the gel pieces. The extract was mixed with the previous supernatant and the mixture was dried in a speed vac and resuspended in 0.1% TFA solution (trifluoroacetic acid/water [0.1:99.9, v/v]), or formic acid/water (30:70, v/v).
Mass spectrometry
Peptides were analyzed on a Bruker Ultrasonics Ultraflex (BRUKER) using MALDI-TOF MS. After 1 μL of a half saturated solution of α-cyano-4-hydroxy-cinnamic acid (CHCA) in acetone/0.1% TFA solution (99:1, v/v) was placed onto spots on an anchor-chip plate and dried, 1 μL of the samples was placed onto the spots and allowed to remain for 3 min. After removing the sample, spots were washed with 4 μL of 0.1% TFA solution. After removing the solution, the target plate was set into the TOF-MS instrument. Mass spectra were obtained in the reflection mode.
Peptide mapping and separation of glycosylated peptide by RP-HPLC
For peptide mapping, the enzymatically digested peptides from native or recombinant CrChi-A were separated by HPLC on an ODS column (3.9 × 150 mm, Waters) and detected with a UV detector at 220 nm.
To locate a glycosylated peptide, the enzymatically digested peptides from native CrChi-A were separated by HPLC with a C4 column (3.9 × 150 mm, Waters). The N-terminal sequences of all peaks were checked by a protein sequencer and m/z by MALDI-TOF MS. From the results of protein sequence and mass spectrometry, the predicted glycosylated peptide fraction was dried with a speed vac and then hydrolyzed with 1 M TFA for 4 h in vacuo. Sugar analysis of the peptide hydrolysate was performed by high-pH anion exchange chromatography (Martens and Frankenberger 1991) . The hydrolysate was dissolved in 100 μL water and fractionated on a CarboPac PA1 column (4 × 250 mm) equipped with a CarboPac PA1 guard column (3 × 25 mm) fitted into a Dionex system consisting of a Bio-LC pump and a pulsed amperometric detector model PAD2. Elution was carried out with 15 mM NaOH at a flow rate of 1 mL/min.
Antifungal assay
The antifungal activity of CrChi-A against Trichoderma viride was examined as described by Onaga and Taira (1995) .
Footnotes
The nucleotide sequence for the CrChi-A gene has been deposited in the GenBank database under GenBank accession number AB199646. The amino acid sequence of this protein can be accessed through NCBI Protein Database under NCBI accession number BAD98525.
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Supplementary data for this article is available online at http://glycob.oxfordjournals.org/.
